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Circular photogalvanic currents are a promising new approach for spin-optoelectronics. To date, such currents
have only been induced in topological insulator flakes or extended films. It is not clear whether they can be
generated in nanodevices. In this paper, we demonstrate the generation of circular photogalvanic currents
in Bi2Se3 nanowires. Each nanowire shows topological surface states. Here, we generate and distinguish
the different photocurrent contributions via the driving light wave. We separate the circular photogalvanic
currents from those due to thermal Seebeck effects, through controlling the laser light polarization. The
results reveal a spin-polarized surface-Dirac electron flow in the nanowires arising from spin-momentum
locking and spin-orbit effects. The second photocurrent contribution described in this letter is caused by
the thermal Seebeck effect. By scanning the photocurrent, it can be spatially resolved; upon reversing the
gradient direction along the nanowire, the photocurrent changes its sign, and close to the gold contacts, the
amplitudes of the different photocurrent contributions are affected by the proximity to the contacts. In the
center of the nanowires, where the effects from the gold contact/ topological insulator stacks vanish, the
spin-polarized current remains constant along the nanowires. This opens up a new method of all-optical spin
current generation in topological insulator nanowires and hybrid structures for nanoscale spin-orbitronics.
Keywords: topolgical insulator, photocurrent, nanowire, circular photogalvanic effect, Seebeck effect
In the last decade, a new class of topological mat-
ter, the so-called quantum spin Hall (QSH) insulators
or topological insulators (TIs), theoretically predicted in
2005 by Kane and Mele and realized in 2D in 2007 by
Ko¨nig et al. in CdTe/HgTe quantum wells1,2, has at-
tracted great attention. This class of matter has the in-
teresting property of an energy gap between the valence
and conduction bands that is closed at the boundaries
by gapless surface states with high mobility and strong
spin polarization3. The surface states are predicted to
be topologically protected, since their origin lies in in-
trinsic bulk properties such as large spin-orbit coupling,
opposite parity of the bulk bands, band inversion and
time-reversal symmetry, which suppresses backscattering
and thereby decreases the sensitivity to surface impuri-
ties or defects. Additionally, the direction of the spin and
momentum for the surface states are locked, giving rise
to a strong spin polarization that makes these materials
very interesting for spintronic applications e.g. as spin
injectors4.
After the first realization of a 1D topologically non-
trivial edge state, 3D topological insulators consist-
ing of Bi1−xSbx, Bi2Se3, Bi2Te3 and Sb2Te3 were also
realized5,6. Over the last decade, the electronic prop-
erties of Bi2Se3 and Bi2Te3 have been extensively stud-
ied, with optimization of the properties of their topolog-
ically protected surface states. This has been carried out
mainly by investigating the band structure of the sur-
face electrons by imaging the band structure using an-
gle resolved photoemission spectroscopy (ARPES)7,8, in-
cluding the spin-resolved variant, and time-resolved two-
photon photoelectron (2PPE) spectroscopy9. Scanning
tunneling microscopy (STM) can also be used to prove
the existence of a linear dispersion relation and sup-
pressed backscattering10.
To make use of these surface states in spintronics it is
essential not only to demonstrate the existence of spin-
polarized surface states but also to control them. One
approach for controlling these surface states is to cre-
ate an asymmetrically populated Dirac cone, which leads
to spin-polarized currents on the surface due to spin-
momentum locking. This idea has been realized for ex-
foliated Bi2Se3
11 and other materials and is enabled by
the strong spin-orbit coupling in topological insulators
such as Bi2Se3 lifting the spin degeneracy of the elec-
trons in the surface states. As a result, the selection
rules for interband transitions depend on the electron
spin. Therefore, it is possible to use circular polarized
light to selective excite surface electrons with a parallel
or antiparallel spin component with respect to the pho-
ton momentum and depending on the helicity. This cre-
ates an asymmetric population of the surface states in k-
space, which due to the spin-momentum locking, leads to
a spin-polarized electrical current (see FIG. 1 (a)). This
effect of generating a spin-polarized charge current by
creating an asymmetric carrier population in k-space by
exciting optical transitions with circular polarized light
imposed by optical selection rules is referred to as the
circular photogalvanic effect and has been previously re-
alized in semiconductor quantum wells12.
More recently several studies have performed photocur-
rent measurements of the Bi1−xSbx, Bi2Se3, Bi2Te3 and
Sb2Te3 group using photon wavelengths ranging from
the visible to the terahertz or even up to the infrared
regime13–15. In this work, we demonstrate for the
first time spin-polarized photogalvanic effects in Bi2Se3
nanowires with a cross-section in the nanometer range in-
stead of in the micrometer-wide Hall bar structures used
in previous experiments11,16. The ratio of surface to bulk
states in nanowires is higher and leads to an increased ra-
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FIG. 1. (a) depicts a schematic band structure of Bi2Se3 in
the presence of the circular photogalvanic effect. The asym-
metric population of the surface states (implied by the un-
equal number of red and blue dots) is generated by the ab-
sorbed circular polarized light (red arrow) and generates a
net spin-polarized electrical current due to the spin momen-
tum locking. In (b), the raster pattern of the exciting laser
beam as used in the experiment is displayed on the sample
surface. The order of the laser spot positions is marked by
red numbers. The angle of incidence of the laser light is fixed
at 45◦.
tio of spin-polarized currents to photocurrents originat-
ing from the bulk states.
The Bi2Se3 nanowires were synthesized by Au-
catalyzed vapor-liquid-solid method on a Si(111) sub-
strate (as described here:17). The cross-section of the
nanowires is either rectangular or trapezoidal, resulting
from the layered crystal structure. The width of the
nanowires is on the scale of 50 nm and the thickness is
in the range of 50 nm − 150 nm. The length can be as
long as several tens of micrometers. The nanowire pre-
sented in FIG. 2 (a) has a total length of 36µm. The
Bi2Se3 nanowires are grown in the [110] direction as a
single-crystal structure and have a smooth surface. The
chemical composition can be characterized by an energy
dispersive spectrometer in the scanning TEM mode. The
measured ratio is 2:3 as expected for Bi2Se3. The grown
nanowires are mechanically transferred onto a Si (111)
substrate, and the gold contacts separated by a 14µm
gap are fabricated on top of the nanowire by lithography.
FIG. 2 (a) shows a micrograph of one of the nanowire de-
vices with two contacts, which are each connected to two
gold pads on the left- and on the right-hand sides of the
nanowire18. The sample is mounted with silver paste
onto a chip carrier and connected with 25 nm diameter
gold wires by wire bonding.
The light source for the photocurrent measurements is a
diode laser with a wavelength of 785 nm (1.55 eV) mod-
ulated at a frequency of 77 Hz. The laser light passes
through a linear polarizer and a quarter-wave plate (qwp)
prior to impinging on the sample surface under an angle
of incidence of 45◦. The rotation angle α of the qwp is
controlled by a step motor to change the polarization of
the excitation beam. The laser light is focused down to
(4.3 ± 0.11)µm × (2.89 ± 0.08)µm on the sample sur-
10µm
×
××
2 4 6 8 10 12 14 16 18 20 22
Horizontal position (µm)
8
12
16
20
24
28
V
er
ti
ca
l
p
os
it
io
n
(µ
m
)
2.610
2.695
2.781
2.866
2.951
3.036
3.121
3.207
3.292
Reflectivity (a.u.)
1
2
3
(a)
(b)
FIG. 2. (a) Shows a light microscopy image of the sample.
A nanowire (dark gray vertical line) is placed on a Si (111)
substrate (gray) and underneath gold contacts (yellow). The
two closer parallel edges of the gold contacts are separated
by 14µm. (b) The edges of the gold contacts (orange) and
the position of the nanowire (black line) are marked on the
spatially resolved reflected light intensity. Three positions on
the nanowire are marked and numbered by 1,2 and 3.
face. The intensity of the light reflected from the sample
surface is measured by a photodiode. The photocurrent
between the two contacts and the light reflected from the
sample surface are simultaneously measured by a lock-in
amplifier. The laser spot can be moved across the sam-
ple surface along the vertical and horizontal directions
by two step motors with a minimum step size smaller
than 1µm with an error of 200 nm. The raster pattern
of the laser spot (red dots) is depicted in FIG. 1(b), as
drawn on a light microscopy image of the sample. The
measurement starts with the laser spot in the right up-
per corner (position 1 in FIG. 1(b)). Then the qwp is
rotated by ∆α = 6◦ steps to carry out a full rotation
while the photovoltage and the intensity of the reflected
beam are measured. Afterwards, the laser spot is moved
to the next position according to the raster pattern in
FIG. 1(b), repeating the measurement procedure until
the bottom left position is reached.
For each data point in the two-dimensional voltage
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FIG. 3. The measured voltage (black squares) and the anal-
ysis results using eq. (1) (blue line) as a function of the rota-
tion angle α for three laser spot positions (see FIG.2 (b)) are
displayed. In addition, the photovoltages for left and right
circular polarized light (indicated by green and red lines) are
marked. The difference between these photovoltage values is
equal to 2C.
maps, the photovoltage between the two contacts is mea-
sured while the qwp is rotated by 360◦ in total, chang-
ing the polarization from linear polarized (α = 0◦),
to left-circular polarized (α = 45◦), to linear polarized
(α = 90◦), to right-circular polarized (α = 135◦), to
linear polarized (α = 180◦), to left-circular polarized
(α = 225◦) and so on and so forth. The measured pho-
tovoltage v is a sum of four different contributions
v (α) = C sin(2α) + L1 sin(4α) + L2 cos(4α) +D. (1)
The contributions can be distinguished by their depen-
dence on the polarization of the exciting laser light. Eq.
(1) has previously been introduced to separate the differ-
ent contributions to photocurrent measurements in exfo-
liated Bi2Se3 Hall bar devices
11. The first term C sin(2α)
of Eq. (1) describes the amount of spin-polarized volt-
age generated by the circular photogalvanic effect since it
modulates the difference in the photovoltage for left and
right circular polarized light and is zero if the exciting
light is linear polarized. In the following, the magnitude
of the amplitude C, which is half of the difference be-
tween the photovoltage for different helicities (see Fig. 3),
is used as a measure for the size of the spin-polarized
voltage. The second term L1 sin(4α) and third term
L2 cos(4α) describe the contributions that arise from the
linear photogalvanic effect and the photon drag effect.
The last term D is independent of the polarization and
arises from the Seebeck effect. Since the laser spot is
smaller than the distance between the gold contacts, it
creates an overall temperature gradient that can change
in direction and size as the laser spot is moved across
the sample surface. The measured photovoltage is an-
alyzed by Eq. (1) to separate the four contributions at
every laser spot position. The horizontal and vertical
positions of the laser spot are then used as the spatial
coordinates for the extracted amplitudes as in FIG. 4
for the thermoelectric contribution represented by D and
the spin-polarized contribution represented by C. At the
same time, the intensity of the reflected light for every
value of the photovoltage is measured with a second lock-
in amplifier. Instead of fitting Eq. (1) to the obtained val-
ues, we take the value for a fixed polarization at α = 0◦
and again use the position of the laser spot as the coor-
dinates for the reflectivity to obtain a two-dimensional
map of the reflectivity (see FIG. 2 (b)) which allows us
to identify the positions of the nanowires and the gold
contacts.
In the reflectivity map (FIG. 2 (b)) three different ar-
eas can be distinguished. The area with the highest in-
tensity (white) shows the position of the Au contacts,
while the region with the lowest reflectivity (black) rep-
resents the 300 nm SiO on top of the Si substrate. The
nanowire can be clearly distinguished between the con-
tacts (in dark gray). Its size looks exaggerated since its
diameter (150 nm) is smaller than the spot size of the
laser beam, so it acts as a scattering center. There-
fore, the reflectivity map proves that the area shown in
FIG. 2 (a) is illuminated and indicates the position of the
nanowire. The nanowire is marked in the photovoltage
maps (FIG. 4) by a black line.
The three selected photovoltage measurements in FIG. 3
at three different positions along the nanowire (marked in
blue in FIG. 2 (b)) show good agreement between Eq. (1)
and the measured voltage. It is also observed, that the
thermoelectric contribution D, which is equal to the shift
along the vertical direction, is at least one order of mag-
nitude larger than the spin-polarized contribution C. The
spatially resolved maps in FIG. 4 enable a more detailed
inspection of the two contributions. The thermoelectric
amplitude D (FIG. 4(a)) changes its sign from positive at
the top electrode to negative at the lower electrode. Note
that the thermoelectric current that creates the thermo-
electric voltage is generated by two temperature gradi-
ents with opposite signs that point from the laser spot
position towards the two colder contacts. Therefore, the
position of the laser spot with respect to the contacts de-
termines the size and sign of the thermoelectric voltage.
When the laser spot is in the center between the con-
tacts, the two temperature gradients cancel, and thus,
the net temperature gradient and D vanish. In our mea-
surements (FIG. 4(a)), the direction of the net temper-
ature gradient is encoded in red and blue, correspond-
ing to the gradients pointing towards the lower or upper
contacts, respectively. At the vertical position of 13µm
in FIG. 4(a), the thermoelectric contribution D becomes
zero. Once the laser spot is moved toward one of the
electrodes, the net temperature gradient is non-zero, and
a net current is generated by the Seebeck effect. The
sign of the thermoelectric current changes from top to
bottom since the direction of the net temperature gradi-
ent is reversed. Thus, the voltage of the contour plot in
the vertical direction along the nanowire changes its sign
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FIG. 4. (a) The map shows the amplitude D related to
the thermoelectric voltage at different laser spot positions
in the 14µm gap between the gold contacts. The vertical
contour plot shows the amplitude D along the nanowire po-
sition and the horizontal contour plots show how the ther-
moelectric voltage drops when the center of the laser spot
is moved away from the nanowire. (b) The map shows the
spatially resolved amplitude C, related to the spin-polarized
current. The vertical contour plot shows the spin-polarized
voltage along the nanowire (green line) and the four horizontal
contour plots prove that the spin-polarized voltage increases
when the nanowire is illuminated.
from top to bottom (shown in FIG. 4 (a)). The contour
plots perpendicular to the nanowire reveal that the high-
est values for D are reached when the center of the laser
spot matches the horizontal position of the nanowire at
13µm. If the laser spot center is moved away from the
nanowire along the horizontal direction, then the values
decrease. When the laser spot center is 4µm, which is
equal to the full width at half maximum (FWHM) of the
laser spot diameter, or further from the nanowire, the
thermovoltage drops down to nearly zero. This means
that there is no contribution to the thermoelectric con-
tribution D transferred through the substrate.
A slight enhancement of the voltage is observed when
not only the nanowire but also the nanowire underneath
the gold contact is partially illuminated. This appears
for the vertical positions above 22µm and below 11µm
and is manifested by the nonlinear increase of the pho-
tovoltage in the vertical contour plot and also by the
circular shape of the lines in the 2D map in FIG.4 (a).
This effect is also observed for measurements of GaN,
ZnO and Si nanowires. In these materials, the observed
increase is a result of the Schottky effect19–21. In our
case, the gold contact is metallic and the TI can act as a
semiconducting layer. The sign of the current caused by
the band bending at the metal/semiconductor interface
changes between the contacts since the band bending is
symmetrical with regard to the center of the nanowire;
this is in good agreement with the behavior of the ther-
moelectric voltage D observed in this work.
To exclude the influence of the contacts, we focus on
the spin-polarized contribution C in this work in the
area between 15 and 20µm along the vertical axes dis-
played in FIG. 4(b) in green. The contour plots along the
horizontal direction show that the spin-polarized volt-
age C decreases when the center of the laser spot does
not match the position of the nanowire at the horizontal
position of 13µm. This proves that the substrate does
not contribute to the spin-polarized voltage. The largest
value with a modulus of 0.5µV is reached when the laser
spot center matches the nanowire, which is a factor of
80 smaller than the largest value for the thermoelectric
contribution D = 40µV. The largest values are reached
on the small plateau shown in the vertical contour plot
over a range of 4µm. Closer to the contacts, the spin-
polarized voltage decreases.
In summary, we performed photocurrent measure-
ments on Bi2Se3 nanowires and analyzed the spatially
resolved results for the spin-polarized and thermoelectric
contributions. For the thermoelectric contribution, we
observe a sign change of D along and on the nanowire. In
addition, we detect an enhancement of the thermoelectric
and the spin-polarized contribution when the nanowire
underneath the gold contacts is illuminated in compari-
son to illuminating only the TI. We also show that spin-
polarized currents can be generated in nanowires within
the range of 5µm along the nanowire by using circular
polarized light.
Thus, we have demonstrated the ability to drive photo-
galvanic currents in nanowires, which shows their promis-
ing potential for use in photo-spintronics applications in
the future.
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